[in perception]{.smallcaps}, visual information is transmitted to the primary visual cortex via spatially segregated processing streams, with spatial information in dorsal areas and visual information in ventral areas ([@B81]). This ventral/dorsal "what/where" segregation of perceptual processing is thought to continue into frontal areas associated with higher cognitive functions ([@B21]; [@B80]). However, it is still poorly understood how the activity of specialized areas is integrated to perform complex cognitive tasks.

It is possible that feature binding is mediated by convergence of different processing streams in higher cortical areas. For example, [@B9], [@B10]) proposed the existence of multiple "convergence zones," which integrate different attributes of objects. These convergence zones are organized hierarchically, in a caudo-rostral fashion according to the level of task complexity. In particular, the parietal cortex is thought to play an important role in feature binding ([@B69]). This idea is consistent with neuropsychological findings showing that patients with parietal lesions have selective impairments in this domain ([@B33]; [@B61]; [@B77]).

Other work suggests that neural oscillations play a role in the integration of featural information into a coherent percept. Single-unit and multiunit recordings in visual cortex of anesthetized cats have shown synchronous gamma band oscillatory firing of neurons sensitive to different features particularly when these features combined into a single object ([@B15]; [@B22]). In humans, local increases in oscillatory activity in the gamma frequency range were associated with feature binding during visual perception in studies using electroencephalography (EEG; [@B75]) and magnetoencephalography (MEG; [@B83]). Gamma activity has also been associated with selective attention, memory recall, and memory storage ([@B27]; [@B39]).

However, previous work has only examined oscillatory activity during attention to single domains, e.g., color ([@B51]), or short-term memory of visual or spatial information ([@B40]). An important function of normal human cognition is the ability to integrate different types of information. Working memory (WM) is a classic example of a cognitive operation that requires the coordinated processing of different types of information and the contribution of multiple cognitive domains, but the way in which information is integrated in WM is not well understood and is the focus of the present study. We recorded MEG during a WM task in which participants had to mentally manipulate the colors and/or rotation angles of two briefly presented sample stimuli to find the average and then indicate whether a subsequent test stimulus matched or mismatched the average of the two samples (see [Fig. 1](#F1){ref-type="fig"}). On the basis of the research discussed above, we hypothesized that integration of color and spatial information in WM would be associated with oscillatory activity in the gamma frequency range, and that this activity would likely be localized in parietal cortex.

![An example of the sequence of events in a typical trial. An instruction letter indicated which task to perform. Participants had to manipulate the colors, rotation angles, or both colors and angles (dual task) of the sample stimuli to determine whether the test stimulus matched or mismatched the average color and/or angle.](z9k0121110820001){#F1}

MATERIALS AND METHODS
=====================

### Participants.

Sixteen neurologically healthy volunteers (5 men, 11 women) aged between 23 and 36 yr (mean age 28 yr) took part in the study in return for payment. Participants all had normal color vision and normal or corrected-to-normal visual acuity. The study was approved by the ethics committee of Cardiff University, and all participants gave informed consent.

### Stimuli and procedure.

The stimuli were colored semicircles (visual angle = 1.0° × 1.7°) on a black background. Each trial began with a central instruction letter, indicating which task to perform. "A" indicated the angle task, "C" indicated the color task, and "D" indicated the dual task (i.e., the combination of both angle and color tasks). A white fixation cross appeared for 1,500 ms, and then two sample stimuli with different colors and rotation angles appeared for 500 ms on the left and right of the fixation cross (distance from fixation = 1.4°). There was a 2,000-ms delay in which only the fixation cross was present. Then a test stimulus appeared in the center of the screen for 3,000 ms, during which participants had to indicate with a left- or right-hand button press whether the test stimulus matched or mismatched the average of the two sample stimuli in terms of color, rotation angle, or both color and angle. This was followed by a feedback display for 1,000 ms, in which the fixation cross turned green for a correct response, red for an incorrect response, and gray if no response was made during the 3,000-ms presentation of the test stimulus. Participants were instructed to respond as accurately as possible. They were instructed that speed of response was not important, provided that they responded within 3 s from the onset of the test stimulus. The assignment of match and mismatch to the left and right response buttons was counterbalanced across participants. The intertrial interval, which contained only the fixation cross, was 2 s. The experiment was divided into three blocks of 90 trials, with 30 trials per task in each block. In total, there were 90 trials per task. For each task, the test stimulus matched the average of the two samples on one-third of trials and mismatched on two-thirds of trials. The uneven distribution of match and mismatch trials was chosen in order to prevent participants from focusing on one dimension exclusively during the conjunction task, a method employed by [@B50]. Note that correct responses for both match and mismatch trials were included in the MEG analysis. The order of conditions within each block was randomized.

The rotation angles of the two sample stimuli differed by a rotation of 60°. In the "match" condition of the angle task, the rotation angle of the test stimulus differed from each sample stimulus by a rotation of 30°. In the "mismatch" condition, the rotation angle of the test stimulus differed from the matching rotation angle by 20° (50%) or 30° (50%). Colors were defined in hue saturation value (HSV) color space, in which the hue is represented by 0--360°. Previous work has shown that average colors calculated in HSV color space correspond well to perceived average colors ([@B50]), suggesting that HSV is a suitable color space for defining stimuli. The colors of the sample and test stimuli on each trial were matched in luminance. We ensured that the colors of the stimuli in each trial were equiluminant by using a hand-held photometer (Konica Minolta) to measure the luminance in candelas per square meter for each combination of sample and test stimuli as they appeared on the computer monitor. The value on the "luminance" axis in HSV color space was adjusted until the stimuli were equiluminant, as measured by the photometer. The two sample stimuli differed in hue by 60°, and the hue of the test stimulus in the "match" condition differed from each sample by 30°. In the "mismatch" condition, the hue of the test stimulus differed from the matching hue by either 50° (50%) or 30° (50%). Stimuli were presented on a 22-in. Mitsubishi Diamond Pro 2070 monitor with a refresh rate of 60 Hz. The monitor was positioned 208 cm from the eyes and viewed through a cut-away in the magnetically shielded room. Participants\' responses were registered by using two button boxes placed on the left and right. A short practice, consisting of 27 trials (9 trials for each task), was given before each recording session. The practice session lasted for 4.5 min, and the three experimental blocks lasted for 45 min in total (15 min each).

### Behavioral data analysis.

Accuracy was calculated by using the A′ score as a measure of signal detection sensitivity ([@B23]).[^1^](#FN1){ref-type="fn"} A′ was used because it is more robust than d′ against violations of the assumption that the hypothetical noise and signal plus noise distributions have equal variances ([@B12]; [@B23]).[^2^](#FN2){ref-type="fn"} A′ scores and response times (RTs) were analyzed by one-way repeated-measures ANOVA. Significant effects were followed up with Bonferroni-corrected post hoc tests.

### MEG acquisition.

Whole head MEG recordings were made with a CTF 275-channel axial gradiometer system sampled at 1,200 Hz (0--300 Hz band pass). Twenty-nine reference channels were recorded for noise cancellation purposes, and the primary sensors were analyzed as synthetic third-order gradiometers. Three of the 275 channels were turned off because of excessive noise. Head position relative to the sensor array was monitored by placing three coils at the cardinal landmarks of the head (nasion, left and right preauricular). At the end of each block, if head movement exceeded 5 mm from the starting position, participants were instructed to move their head to within 5 mm of the initial position before beginning the next block. Only trials with correct responses were used in the MEG analysis.

### Source analysis.

For each participant, MEG data were coregistered with the anatomical MRI recorded with a 3-T General Electric HDx Scanner with a T1-weighted sequence and a resolution of 1 mm^3^. MRI/MEG coregistration was achieved by matching the locations of the fiduciary coils (nasion, left and right preauricular) to corresponding points on the MRI. For source modeling a multiple local-spheres forward model was used ([@B29]) derived by fitting spheres to the brain surface extracted by FSL\'s Brain Extraction Tool ([@B74]). Three-dimensional images of MEG source power were obtained by synthetic aperture magnetometry (SAM; [@B63]; [@B84]). For each subject and condition data were band-pass filtered with fourth-order bidirectional IIR Butterworth filters into seven frequency bands (5--15 Hz, 15--25 Hz, 25--40 Hz, 40--60 Hz, 60--80 Hz, 80--100 Hz, and 100--120 Hz). Note that relatively broad bandwidths in the lower-frequency ranges were chosen to increase the accuracy of the beamformer analysis ([@B3]). Estimates of source power were derived for the whole brain at 4-mm isotropic voxel resolution. For each voxel in the brain (**r**), SAM generates a set of weighting coefficients **w**(**r**), one for each sensor (*m*), by minimizing the total source power S^2^ while retaining unit gain for the forward solution **B**(**r,u**). That is, $$\min\text{S}^{2}\left( \text{r} \right) = \text{w}^{T}\left( \text{r} \right)\text{Cw}\left( \text{r} \right)\text{ with B}\left( {\text{r},\text{u}} \right)\text{w}^{T}\left( \text{r} \right) \equiv 1$$ Here **C** is the covariance matrix of the band-pass filtered data, superscript T is transposition, and **u** is the dipole orientation that produces maximal power at that location ([@B5]; [@B63]). The weighting coefficients can be determined by $$\text{w}\left( \text{r} \right) = \frac{\text{C}^{- 1}\text{B}\left( {\text{r},\text{u}} \right)}{B^{T}\left( {\text{r},\text{u}} \right)\text{C}^{- 1}\text{B}\left( {\text{r},\text{u}} \right)}$$ We used no regularization for our covariance matrix inversion. A time series of electromagnetic source activity at **r** can then be reconstructed by $$\widetilde{\text{S}}\left( {\text{r},\text{t}} \right) = \text{w}^{T}\left( \text{r} \right)m\left( t \right)$$ Images of source power (Student\'s *t*-statistics) were reconstructed for two 1-s active intervals during WM retention (500 ms to 1,500 ms and 1,500 ms to 2,500 ms from the onset of the sample stimuli) compared with a control period (−1,000 to 0 ms) by calculating the power of band-pass filtered virtual sensor data.

We chose a single dipole beamformer, SAM, in order to examine local task-related changes in neural oscillations within specific regions of the cortex. For this application, SAM is a well-proven technique that has demonstrated its efficacy in several studies ([@B28]). A possible limitation of beamforming approaches such as SAM is that they assume that the time series of the underlying sources are uncorrelated. This means that synchronous activity in two separated brain regions would be self-canceling, if the sources were perfectly correlated, and would therefore not appear in the final source reconstruction. However, studies using simulated and real data have shown that beamforming methods are robust to moderate and/or transient levels of correlation between sources ([@B24]; [@B25]; [@B82]). Although it is still theoretically possible that very highly correlated sources may exist and hence self-cancel in a beamformer reconstruction, there is little neurophysiological evidence for very high and sustained interregional correlation in normal oscillatory activity. Highly stable interregional synchrony is in fact most likely to be a reflection of pathological conditions such as Parkinson\'s disease ([@B66]). Although the beamforming method can be extended to allow the existence of two or more distant correlated sources ([@B67]; [@B71]), these methods are dependent on an a priori model for the number of simultaneously active sources (e.g., two), and we have no such hypothesis in this experiment. Unlike traditional multidipole modeling approaches SAM requires no a priori specification of the number and location of sources ([@B30]).

For group analysis, MRI and SAM images for each condition and frequency band were spatially normalized to the MNI template brain with FMRIB\'s Linear Image Registration Tool (FLIRT) ([@B37]). Statistical analysis was performed by nonparametric permutation testing ([@B55]; [@B73]), and a 5-mm^3^ Gaussian smoothing kernel was applied to the variance maps to generate pseudo-t images. These images were created for each condition and frequency band and thresholded using the omnibus test statistic value at *P* \< 0.05 (2-tailed) to correct for multiple comparisons. To statistically compare the active versus baseline power obtained from the SAM analysis across the three conditions, pseudo-t images of contrasts between conditions were created with cluster-based thresholding with an initial cluster mass threshold of t = 2.5. Only clusters significant at *P* \< 0.05 (2-tailed) were accepted. Subsequently, the contrast images were masked using the statistical maps of each condition included in the contrast, so that significant effects in the contrast image could only be found for voxels that were significantly activated in one of the conditions.[^3^](#FN3){ref-type="fn"} Cortical surface meshes were extracted from an average template MRI with FreeSurfer (<http://surfer.nmr.mgh.harvard.edu/>). SAM source-reconstruction images were then superimposed on these meshes and visualized with mri3dX (<https://www.jiscmail.ac.uk/lists/MRI3DX.html>).

### Virtual sensor analysis.

Virtual sensors were used to show the time-frequency representation of activity in regions found to be significantly activated in the source analysis. Virtual sensors were generated with SAM coefficients obtained from the individual condition covariance matrices. Time-frequency analysis was performed with the Fieldtrip toolbox ([@B57]). Time-frequency representations of power were obtained by using a multitaper method ([@B49]) applied to time windows sliding in 10-ms steps. For the lower-frequency band (0--40 Hz), one Slepian taper was applied and a fixed time window of 500 ms was used. For the higher-frequency band (40--120 Hz), a fixed time window of 250 ms was used. With three Slepian tapers, this produced frequency smoothing of 8 Hz. In each trial, power values obtained from the Fourier transforms of the individual tapers were averaged, and power values were subsequently averaged across trials for each condition. Power values were baseline corrected by computing the relative change from baseline power for each frequency.

RESULTS
=======

Accuracy (A′) and RT data are shown in [Table 1](#T1){ref-type="table"}. There was a main effect of task on accuracy \[*F* (2, 30) = 11.6, *P* \< 0.001\], with higher accuracy in the angle task compared with the color task (*P* = 0.01) and the dual task (*P* \< 0.001). There was also a main effect of task on RT \[*F* (2, 30) = 14.6, *P* \< 0.001\], with faster responses in the angle task than in the color task (*P* = 0.008) and the dual task (*P* = 0.001). Note that performance of the dual task was not significantly worse (*P* = 0.9) or slower (*P* = 0.3) than that of the more difficult single task (color), fulfilling the behavioral criterion for parallel processing in working memory ([@B50]). We also calculated a normalized response criterion (c′), using the methods described by [@B47].[^4^](#FN4){ref-type="fn"} One-sample *t*-tests revealed that the response criterion did not significantly differ from 0 (ideal observer) in the angle task \[*t*(15) = −0.6, not significant (ns)\], the color task \[*t*(15) = 1.4, ns\], or the dual task \[*t*(15) = −1.9, ns\].

###### 

Mean response time on correct-response trials, hit rate, false alarm rate, and A′ for each condition

          RT           Hits          False Alarms   A′
  ------- ------------ ------------- -------------- -------------
  Angle   1,075 (37)   0.82 (0.03)   0.22 (0.02)    0.87 (0.01)
  Color   1,178 (36)   0.72 (0.03)   0.24 (0.02)    0.82 (0.01)
  Dual    1,208 (37)   0.78 (0.03)   0.34 (0.02)    0.80 (0.02)

Values are mean (SE) response time (RT; in ms) on correct-response trials, hit rate, false alarm rate, and A′ for each condition. Participants performed significantly faster and more accurately in the angle task. Importantly, performance of the dual task was not significantly worse or slower than that of the more difficult single task (color).

SAM was used to obtain three-dimensional images of cortical power changes within alpha, beta, and gamma frequency bands during the delay interval. Note that MEG is not contaminated by microsaccade artifacts that may affect high-frequency oscillations recorded with EEG ([@B86]). This is because EEG is susceptible to eye movement artifacts due to volume conduction, particularly when using a nose reference ([@B48]). By contrast, MEG has relatively little field spread and is reference free. Therefore, electric fields from eye muscle contractions are unlikely to influence activity at other recording sites. Lower-frequency bands (5--40 Hz) showed event-related desynchronization (ERD), and the 40--60 Hz and 100--120 Hz frequency bands did not show significant source power changes. Alpha (5--15 Hz) and low beta (15--25 Hz) activity were located mainly in parietooccipital regions, whereas high beta (25--40 Hz) activity extended into more anterior regions (see [Fig. 2*A*](#F2){ref-type="fig"}). Significant event-related synchronization (ERS) was found in the high gamma band (60--100 Hz) throughout the delay interval, mainly in the left hemisphere (see [Fig. 2*B*](#F2){ref-type="fig"}). Because the purpose of this study is to examine oscillatory activity associated with WM integration, we focus on the high beta and gamma frequency bands, in which dual-task activity differed from both single tasks. Locations of activation foci in each condition are shown in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. Images of contrasts between conditions were created by using cluster-based thresholding, and the locations of significant activation foci (*P* \< 0.05, 2-tailed) for the contrast images can be found in [Tables 4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}. We now discuss the results according to frequency band.

![*A*: group-level images showing areas of significant (*P* \< 0.05, 2-tailed) event-related desynchronization (ERD) in the 25--40 Hz frequency band for each task. Changes in source power (pseudo-t values) during the 1st and 2nd parts of the delay interval compared with baseline are superimposed on 50% inflated cortical surfaces of the template brain ([@B8]). *B*: group-level images showing areas of significant (*P* \< 0.05, 2-tailed) event-related synchronization (ERS) for each task. *C*: group-level pseudo-t images of contrasts between conditions in the 25--40 Hz frequency band during the 2nd part of the delay. Areas of significantly greater (*P* \< 0.05, 2-tailed) ERD in the dual task compared with the color and angle tasks are superimposed on the left hemisphere of the template brain. *D*: group-level pseudo-t images of contrasts between conditions in the 80--100 Hz frequency band during the 1st part of the delay. Areas of significantly greater (*P* \< 0.05, 2-tailed) ERS in the dual task compared with the color and angle tasks are superimposed on the left hemisphere of the template brain.](z9k0121110820002){#F2}

###### 

Talairach coordinates, pseudo-t values, region, and hemisphere of significant activation foci in each condition during first 1,000 ms of delay

  Region          H   T      *x*   *y*   *z*
  --------------- --- ------ ----- ----- -----
  *25--40 Hz*                            
  Angle                                  
      AC          R   −8.2   3     29    15
      Cingulate   R   −8.2   7     −29   35
      SFG         R   −7.6   17    49    47
  Color                                  
      SG          L   −9.3   −39   −45   31
      PL          R   −7.6   1     −31   49
  Dual                                   
      IFG         R   −7.3   27    9     −17
      MedFG       R   −6.6   1     −19   53
      SPL         R   −5.9   29    −53   51
      SG          L   −4.9   −39   −49   29
  *60--80 Hz*                            
  Angle                                  
      IPL         L   5.5    −55   −37   49
      SFG         L   5.2    −17   −5    55
      PG          L   5.2    −13   −57   67
      PG          R   5.1    29    −31   47
  Color                                  
      Precuneus   L   5.6    −11   −81   47
  Dual                                   
      PG          L   5.5    −41   −23   47
      Cuneus      L   5.4    −27   −93   23
      Cuneus      L   5.4    −1    −79   11
      MedFG       L   5.3    −9    −17   51
  *80--100 Hz*                           
  Angle                                  
      Precuneus   L   5.2    −21   −75   55
  Color                                  
      Precuneus   L   6.7    −13   −55   43
      Cuneus      R   5.3    3     −91   9
  Dual                                   
      SPL         L   8.3    −19   −69   63
      IPL         L   5.4    −57   −37   51

Values are Talairach coordinates (*x*, *y*, *z*), pseudo-t values (T), region, and hemisphere (H) of significant activation foci (*P* \< 0.05, 2-tailed) in each condition during the first 1,000 ms of the delay. AC, anterior cingulate; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; MedFG, medial frontal gyrus; PG, postcentral gyrus; PL, paracentral lobule; SFG, superior frontal gyrus; SG, supramarginal gyrus; SPL, superior parietal lobule.

###### 

Talairach coordinates, pseudo-t values, region, and hemisphere of significant activation foci in each condition during second 1,000 ms of delay

  Region          H   T      *X*   *y*   *z*
  --------------- --- ------ ----- ----- -----
  *25--40 Hz*                            
  Angle                                  
      Insula      R   −6.7   39    5     7
      PL          L   −6.6   −3    −33   69
      IPL         R   −6.0   61    −39   39
      Cingulate   L   −6.9   −1    27    29
  Color                                  
      IPL         L   −7.2   −41   −47   35
      IFG         R   −6.2   61    19    11
      MidFG       R   −6.1   47    27    43
      STG         R   −6.1   69    −17   11
  Dual                                   
      SG          L   −6.8   −41   −47   25
      MedFG       R   −6.0   7     −15   59
      MidFG       L   −5.8   −35   9     57
      Precuneus   L   −5.7   −15   −51   45
      IFG         R   −5.5   37    29    13
      MidFG       R   −5.4   39    19    57
      MedFG       L   −5.3   −5    57    15
      PrG         R   −5.0   63    −13   37
  *60--80 Hz*                            
  Angle                                  
      SFG         L   5.4    −17   −3    59
  Dual                                   
      Precuneus   L   5.2    −5    −65   65
  *80--100 Hz*                           
  Dual                                   
      Precuneus   R   5.1    1     −61   53

Values are Talairach coordinates (*x*, *y*, *z*), pseudo-t values (T), region, and hemisphere (H) of significant activation foci (*P* \< 0.05, 2-tailed) in each condition during the second 1,000 ms of the delay. MidFG, middle frontal gyrus; PrG, precentral gyrus; STG, superior temporal gyrus.

###### 

Talairach coordinates, pseudo-t values, region, and hemisphere of significant activation foci for contrasts between conditions during first 1,000 ms of delay

  Region          H   T      *x*   *y*   *z*
  --------------- --- ------ ----- ----- -----
  *25--40 Hz*                            
  Color-angle                            
      Precuneus   L   −3.4   −37   −77   45
  *60--80 Hz*                            
  Angle-color                            
      PG          R   3.4    33    −31   47
      SPL         L   3.2    −17   −59   65
  Dual-color                             
      MedFG       L   4.6    −11   −19   57
      MOG         L   4.1    −29   −91   17
  *80--100 Hz*                           
  Dual-angle                             
      SPL         L   3.8    −33   −57   61
      IPL         L   3.3    −55   −37   51
  Dual-color                             
      IPL         L   3.5    −57   −35   53

Values are Talairach coordinates (*x*, *y*, *z*), pseudo-t values (T), region, and hemisphere (H) of significant activation foci (*P* \< 0.05, 2-tailed) for the contrasts between conditions during the first 1,000 ms of the delay. MOG, middle occipital gyrus.

###### 

Talairach coordinates, pseudo-t values, region, and hemisphere of significant activation foci for contrasts between conditions during second 1,000 ms of delay

  Region          H   T      *x*   *y*   *z*
  --------------- --- ------ ----- ----- -----
  *25--40 Hz*                            
  Angle-color                            
      Precuneus   R   −4.1   17    −49   53
      PL          L   −3.1   −5    −45   61
  Dual-angle                             
      Precuneus   L   −4.4   −13   −53   41
  Dual-color                             
      Precuneus   L   −4.6   −13   −51   57
  *60--80 Hz*                            
  Angle-color                            
      SFG         L   2.9    −13   −7    65
  Dual-color                             
      SPL         L   3.4    −1    −69   61

Values are Talairach coordinates (*x*, *y*, *z*), pseudo-t values (T), region, and hemisphere (H) of significant activation foci (*P* \< 0.05, 2-tailed) for the contrasts between conditions during the second 1,000 ms of the delay.

In the 25--40 Hz frequency band significant ERD was found throughout the delay interval in all tasks, mainly in medial superior frontal and parietal regions (see [Fig. 2](#F2){ref-type="fig"} and [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). The contrast analysis revealed that during the early delay period (500--1,500 ms) this ERD was stronger for the color task compared with the angle task in left precuneus (see [Table 4](#T4){ref-type="table"}), whereas during the second part of the delay (1,500--2,500 ms) ERD was stronger for the angle task compared with the color task in right precuneus and left paracentral lobule (see [Table 5](#T5){ref-type="table"}). ERD in the dual task was significantly stronger than in the angle and color tasks in left precuneus during the late delay period (see [Fig. 2*C*](#F2){ref-type="fig"} and [Table 5](#T5){ref-type="table"}). To examine this effect further we performed a correlation analysis on individual peak 25--40 Hz power delay ([Fig. 2*A*](#F2){ref-type="fig"}) and accuracy (A′) during the second part of the delay. Correlations between parietal ERD and accuracy were not significant in the dual task (*R* = −0.23, ns) or the color task (*R* = −0.40, ns) but almost reached significance in the angle task (*R* = −0.44, *P* = 0.09).

In the 60--80 Hz frequency band ERS was observed in the angle task in left inferior parietal lobule (IPL), bilateral postcentral gyrus (PG), and left superior frontal gyrus (SFG) in the early delay period (see [Table 2](#T2){ref-type="table"}). The SFG activity persisted into the late delay period (see [Table 3](#T3){ref-type="table"}). In the color task, there was 60--80 Hz activity in the left precuneus extending into superior parietal lobule (SPL), but this did not continue into the second part of the delay (see [Table 2](#T2){ref-type="table"}). In the dual task, 60--80 Hz activity was concentrated in the left hemisphere in postcentral gyrus (PG), cuneus extending into middle occipital gyrus (MOG), and medial frontal gyrus (medFG) during the early delay period (see [Table 2](#T2){ref-type="table"}) and in left precuneus extending into SPL in the second part of the delay (see [Table 3](#T3){ref-type="table"}). These areas can be seen in [Fig. 2*B*](#F2){ref-type="fig"}. The contrast analysis showed that source power increases were significantly stronger for the angle task compared with the color task in left SPL and right PG during the first part of the delay (see [Table 4](#T4){ref-type="table"}) and in left SFG during the second part of the delay (see [Table 5](#T5){ref-type="table"}). Significantly stronger source power increases for the dual task relative to the color task were found in left medFG and left MOG during the first part of the delay (see [Table 4](#T4){ref-type="table"}) and in left SPL during the second part of the delay (see [Table 5](#T5){ref-type="table"}).

In the 80--100 Hz frequency band, significant ERS was found in regions of parietal cortex, mainly on the left, for all conditions during the first part of the delay interval. ERS was observed in left precuneus in both the angle and color tasks and in right cuneus in the color task. In the dual task a large left parietal region showed significant ERS; this region had a peak voxel in SPL and extended into precuneus. Significant ERS in left IPL was also observed in the dual task. These areas are shown in [Fig. 2*B*](#F2){ref-type="fig"} and [Table 2](#T2){ref-type="table"}. The contrast analysis showed that this left parietal gamma synchronization was significantly greater in the dual task compared with the angle and color tasks. That is, the increase in source power was significantly greater (*P* \< 0.05, 2-tailed) for the dual task compared with the angle task in left IPL and SPL and compared with the color task in left IPL (see [Fig. 2*D*](#F2){ref-type="fig"} and [Table 4](#T4){ref-type="table"}). During the second part of the delay significant ERS in the precuneus was observed for the dual task but not for the angle and color tasks (see [Fig. 2*B*](#F2){ref-type="fig"} and [Table 3](#T3){ref-type="table"}).

To further examine the relationship between gamma ERS and WM for conjunctions we performed a Pearson\'s *r* correlation analysis on peak gamma power during the first part of the delay, in which gamma ERS was significantly greater in the dual compared with the single feature conditions ([Fig. 2*B*](#F2){ref-type="fig"}). We also calculated the 95% confidence intervals (CIs) for the Fisher\'s z-transformed Pearson\'s *r* values, using a bootstrap procedure with 5,000 replications ([@B13]). This revealed a significant correlation between individual peak gamma source power and A′ in the dual task (*R* = 0.52, *P* \< 0.04, CI = \[0.26, 0.96\]) (see [Fig. 4*A*](#F4){ref-type="fig"}). No significant correlations were found in the angle and color tasks (both *R* \< 0.4, *P* \> 0.1). There were also no significant correlations between c′ and peak gamma power in the angle task (*R* = 0.06), the color task (*R* = 0.07), or the dual task (*R* = −0.19), showing that gamma activity was not modulated by a change in the response criterion.

To visualize the time course of induced gamma activity, we performed a time-frequency analysis. [Figure 3*A*](#F3){ref-type="fig"} shows time-frequency spectrograms of virtual sensors placed at the peak location of the left parietal source power increase in the high gamma band (80--100 Hz) during the first part of the delay for each condition. The spectrograms show an increase in high gamma power throughout the delay interval in the dual task, but not in the angle and color tasks, and this increase is highlighted by the box on the dual-task spectrogram. Time-frequency spectrograms during the delay interval for five participants ranging from high dual-task accuracy (on *left*) to low dual-task accuracy (on *right*) can be seen in [Fig. 3*B*](#F3){ref-type="fig"}.

![*A*: time-frequency spectrograms for virtual sensors placed in the peak location of increased 80--100 Hz left parietal gamma source power in each task. Virtual sensors were obtained by identifying the location of peak activity in each individual subject/condition that was closest to the location of peak activity in the group analysis. Vertical lines indicate the beginning and end of the delay interval. *B*: time-frequency spectrograms showing the delay interval activity in each task for a sample of 5 individual participants with dual-task A′ scores ranging from high (on *left*) to low (on *right*).](z9k0121110820003){#F3}

The analyses reported above were conducted on correct-response trials only. To examine whether gamma activity was associated with correct performance in the conjunction task, we used SAM to obtain images of source power for the 80--100 Hz frequency band on trials in which participants made an incorrect response. This analysis found a significant (*P* \< 0.05) increase in gamma source power in left MOG in the conjunction condition but no significant power changes in the color and angle conditions. Contrasts between correct and incorrect trials for each condition found that 80--100 Hz gamma ERS was significantly higher (*P* \< 0.05) in left SPL in the dual task for correct compared with incorrect responses (see [Fig. 4*C*](#F4){ref-type="fig"}). There were no significant differences between correct and incorrect responses in the angle and color tasks. To further examine the left parietal difference in 80--100 Hz gamma between correct and incorrect trials in the dual task, we also conducted single-subject analyses by computing the difference between the SAM images for correct compared with incorrect trials within each individual. However, the correlation between individual correct minus incorrect gamma source power and A′ in the dual task did not reach significance (*R* = 0.28, *P* = 0.3).

![*A*: correlation between left parietal gamma (80--100 Hz) source power and accuracy (A′) in the dual task. *B*: locations of left parietal gamma (80--100 Hz) activity (red), fMRI activity (yellow), and the area of overlap (blue) in the dual task. The fMRI image was obtained from a dual-task minus single-task conjunction analysis within a whole brain, random-effects GLM. Further details of the fMRI methods and results can be found in [@B34]. *C*: group-level images showing areas of significant (*P* \< 0.05, 2-tailed) ERS for correct (see also [Fig. 2*B*](#F2){ref-type="fig"}) and incorrect responses and a significant (*P* \< 0.05, 2-tailed) contrast between correct and incorrect responses in the 80--100 Hz frequency band during the 1st part of the delay.](z9k0121110820004){#F4}

DISCUSSION
==========

Working memory (WM), the ability to temporarily maintain and manipulate information, requires coordination of activity from different neural subsystems. The results of this study provide the first evidence for increased gamma band activity during coordination of visual (color) and spatial (orientation) WM. Gamma activity was significantly higher during manipulation of color-angle conjunctions compared with single features and correlated with performance on the conjunction task. This gamma activity was also higher during trials in which participants made correct compared with incorrect responses. Gamma band activity associated with WM for conjunctions was localized in left parietal cortex, consistent with the idea that the parietal lobe is a key region for feature binding ([@B69]).

The behavioral results reported here are consistent with previous work showing that WM maintenance processes for visual and spatial information do not interfere (e.g., [@B11]; [@B17]; [@B41]). Using a paradigm similar to the present study, [@B50] found no dual-task relative to single-task performance cost when colors and angles were manipulated in WM. Importantly, they also found no dual-task costs in RT or accuracy when the sample stimuli were presented at the same time as the test stimulus, suggesting that participants were not performing the dual task in a serial fashion. Conversely, when both tasks in [@B50] required spatial WM (spatial rotation and distance judgments), dual-task performance was impaired compared with single-task performance. In the present study, performance of the dual task was not significantly worse than that of the more difficult single task (color); therefore it seems reasonable to assume that WM representations of colors and angles were manipulated in parallel, requiring cognitive coordination. As with standard maintenance paradigms that require conjunctions, for example, of face identity and color ([@B59]), participants might have formed intrinsic intra-item bindings between color and orientation. The present paradigm does not allow us to specify the exact stage at which participants moved from the parallel maintenance of color and spatial information to its manipulation and, presumably, to the integration into a mental image for comparison with the test stimulus. However, the absence of RT costs for the dual condition at retrieval suggests that color and spatial information were combined into an integrated representation already during the delay period.

Gamma activity is correlated with numerous cognitive processes ([@B26]). However, it is unlikely that the increased gamma in the dual task relative to the single tasks reflects nonspecific attentional demands. Increased demands on attentional or memory resources are typically associated with a significant increase in reaction time (see, e.g., [@B58]) and decrease in accuracy (see, e.g., [@B46]), which we did not observe in the present study. WM capacity for simple object features, such as colors, is around four items ([@B1]; [@B14]; [@B35]; [@B46]; [@B85]), which suggests that the requirements of the dual task were within normal capacity limits. Increased subjective difficulty or low performance cannot explain the higher gamma activity in the dual task, because the correlation analysis showed that higher gamma was associated with higher accuracy. Rather, it is likely that cognitive coordination in the dual task involved specific attentional demands for integrating information (see, e.g., [@B78]). Although we cannot disentangle the neural correlates of the different cognitive control processes that can be implicated in the specific demands of the dual task, we can identify the neural activation that differentiates the dual from the single tasks. This differential activation was mainly reflected in parietal gamma power, allowing us to conclude that at least some of the processes of cognitive coordination are related to oscillatory gamma activity.

fMRI studies have shown that dorsolateral prefrontal or premotor cortex and parietal cortex are preferentially involved in WM for spatial information, whereas ventrolateral prefrontal cortex (PFC) is preferentially involved in WM for nonspatial information ([@B7]; [@B52]; [@B65]). Of most interest, visual-preferred and spatial-preferred brain regions are involved in WM for visual-spatial conjunctions, but conjunction-related activity in each domain-specific region is intermediate to the activity produced by the preferred and nonpreferred information ([@B52]; [@B64]). Therefore, neural activity during WM for visual-spatial conjunctions does not seem to depend on simple addition of the visual and spatial responses.

Recent fMRI work using the same paradigm as the present study has shown increased BOLD response during the dual task compared with the single tasks in left parietal cortex ([@B34]; see [Fig. 4](#F4){ref-type="fig"}). To quantitatively compare the peaks of left parietal activity found with fMRI and MEG, we used the following formula to test for Euclidean distance in three-dimensional space: square root \[(p~1~ − q~1~)^2^ + (p~2~ − q~2~)^2^ + (p~3~ − q~3~)^2^\], where p = the present MEG study, q = [@B34] fMRI study, p~1~/q~1~ = *x*-coordinates, p~2~/q~2~ = *y*-coordinates, and p~3~/q~3~ = *z*-coordinates. This showed that the focal points of the areas of BOLD response and gamma activity in left parietal cortex were 23 mm apart. As shown in [Fig. 4](#F4){ref-type="fig"}, the region found by fMRI overlaps with the region found by MEG; 42% of the active fMRI voxels fall within the active MEG region. Given that the two studies used separate participant groups, this indicates relatively good correspondence between the MEG and fMRI results. The finding that oscillatory gamma activity corresponds spatially to the BOLD response is consistent with evidence that the BOLD signal reflects neural activity. Intracranial recordings in anesthetized ([@B45]) and awake ([@B20]) animals have shown that blood oxygenation correlates with local field potentials, particularly in the gamma range ([@B56]). Furthermore, MEG studies in humans have shown spatial correspondence between gamma synchronization and the BOLD response in primary visual cortex ([@B2]; [@B53]). The present study extends these findings by showing similarities between the BOLD signal and gamma activity in parietal regions during a cognitive task.

The fMRI work using this paradigm ([@B34]) also found increased BOLD signal for dual compared with single tasks in right ventro-lateral and dorso-lateral PFC, which was interpreted to reflect a greater allocation of attentional resources for processing conjunctions. However, the present study did not observe an increase in oscillatory activity in these areas for the dual task relative to the single tasks in any frequency band. It is possible that frontal areas were involved mainly during the encoding of the sample stimuli and during the evaluation of the test stimulus and selection of response, whereas the MEG analysis was conducted on activity during the WM delay interval. Indeed, [@B34] showed that the BOLD signal peaked later in parietal cortex compared with frontal regions. Alternatively, it is possible that MEG was not sufficiently sensitive to detect frontal sources of oscillatory activity. The fMRI prefrontal regions of activity were deeper than the parietal region, and did not extend as much onto the cortical surface, which would make them harder to detect with MEG. There may have also been greater interindividual variability in frontal areas.

The parietal lobe has been shown to play an important role in WM storage of both visual and spatial information ([@B44]; [@B76]), which makes it a logical site for coordinating the processing of mental object representations. Information in posterior parietal cortex is thought to be organized in terms of its relevance for behavior, with objects represented in multiple spatial reference frames depending on the type of action to be performed ([@B6]; [@B60]). This requires spatial representations, such as orientation and location, to be integrated with object identity. In support of this idea, single-unit recordings in monkeys have found both shape- and location-selective neurons in the lateral intraparietal area ([@B36]; [@B68]), and fMRI in humans has confirmed that visual object information is represented in parietal areas ([@B42]).

There is also substantial neuropsychological evidence to support the idea that parietal lobe is critical for forming integrated representations. Patients with Balint\'s syndrome, with bilateral parietal damage, show binding problems on tasks requiring conjunctions of simple visual features (see, e.g., [@B18]; [@B62]). Other work has found that patients with unilateral parietal lesions are selectively impaired on conjunction search in their contralesional visual field ([@B33]). Such binding deficits are thought to reflect impairments in the parietal spatial attention network, consistent with the view that feature integration depends on spatial attention ([@B77]; [@B78]). Further support for this idea comes from brain imaging work showing that conjunction tasks activate regions of parietal cortex associated with spatial attention ([@B70]).

High gamma activity during WM manipulation of conjunctions extended into left precuneus, and we also found a stronger decrease in source power in the high beta band (25--40 Hz) during WM manipulation of conjunctions relative to single features, which was localized to left precuneus. The precuneus is thought to be involved in a wide range of cognitive functions, including visuospatial imagery and episodic memory retrieval (see [@B4]). Activity in precuneus has also been reported in tasks involving complex WM operations, such as mental arithmetic ([@B16]), which suggests that activity in this region is related to cognitive coordination processes. However, unlike high gamma activity, the high beta activity observed in the present study did not correlate with performance, showing that beta activity in precuneus was not specifically associated with successful WM integration.

Cortical gamma oscillations may be generated by synaptic interactions of excitatory and inhibitory neuronal populations that cause rhythmic changes in neural firing or by activity in a subpopulation of inherently oscillatory neurons ([@B72]). Recently, Fries and colleagues ([@B19]) have suggested that cortical information processing relies on rhythmic gamma activity generated by cortical microcircuits of pyramidal cells and interneurons. That is, cognitive processes such as information integration may be achieved by adjusting phase relationships and oscillatory frequencies among cell populations. During the conjunction task in the present study, a coordinated representation may have been formed by synchronous oscillations of cell populations coding color and orientation. Alternatively, the increased parietal gamma power observed here could simply be due to more neurons contributing to the local field potential. Techniques for measuring neural oscillations in humans, such as MEG, do not have the spatial resolution to specifically examine the synchrony within regions that was shown in animal studies ([@B15]; [@B22]).

The increased parietal gamma activity associated with WM for visual-spatial conjunctions in this study was observed in a high-frequency band. Other work has shown high-frequency (\>70 Hz) gamma activity during cognitive tasks such as visual grouping ([@B83]) and WM maintenance ([@B40]). By contrast, low-frequency (\<70 Hz) gamma has been reported in simple visual tasks ([@B2]; [@B53]). It is possible that the frequency of gamma oscillations depends on the nature of the task and/or the properties of the cortical areas involved in the task. Alternatively, recent work has shown that gamma frequency in primary visual cortex varies across individuals and depends on resting GABA concentration ([@B54]).

To summarize, we have shown that parietal gamma activity was increased during WM for visual-spatial conjunctions compared with single features, and this gamma activity correlated with successful performance on the conjunction task. High beta activity in precuneus was also increased in the conjunction compared with the single tasks. These findings are compatible with the idea that parietal cortex supports integration of visual features ([@B69]). Theories of binding by neural synchrony may also explain our findings, although, as discussed above, we cannot be certain that the increased gamma power in this study reflects a binding-related increase in local synchronization. Note that these accounts are not mutually exclusive and it is possible that cognitive integration is mediated by a combination of spatial selection in parietal cortex and intra- or interareal neural synchrony (see, e.g., [@B31]; [@B32]). In conclusion, our results show that parietal cortex plays a role in the integration of mental representations of color and orientation, and this integration is associated with oscillatory neural activity in the gamma frequency band.
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A′ was calculated with the following formula: A′ = 0.5 + \[(H − FA) × (1 + H − FA)\]/\[4 × H × (1 − FA)\], where H is hit rate (proportion of correct responses on match trials) and FA is false alarm rate (proportion of mismatching trials incorrectly identified as matching). If FA \> H the following formula is used: A′ = 0.5 − \[(FA − H) × (1 + FA − H)\]/\[4 × FA × (1 − H)\]. A′ of 0.5 indicates chance performance, and A′ of 1 indicates perfect performance.

Note that the analysis produced the same pattern of results when d′ was used as a measure of accuracy.

To ensure that significant effects in the contrast images were not due to baseline differences, SAM images of contrasts between conditions were calculated for each frequency band during the baseline interval. This analysis found no significant baseline differences in any of the regions that showed significant differences between conditions during the delay interval.

c′ = −0.5\[z(H) + z(F)\]/\[z(H) − z(F)\], where c′ = normalized response criterion, H = hit rate, and F = false alarm rate. A negative value of c′ indicates a liberal response criterion (e.g., more likely to respond "match"), whereas a positive value of c′ indicates a conservative response criterion (e.g., more likely to respond "mismatch").
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